Fixed differences of chromosomal rearrangements between isolated populations may promote speciation by preventing between-population gene flow upon secondary contact, either because hybrids suffer from lowered fitness or, more likely, because recombination is reduced in rearranged chromosomal regions. This chromosomal speciation hypothesis thus predicts more rapid genetic divergence on rearranged than on colinear chromosomes because the former are less porous to gene flow. A number of studies of fungi, plants, and animals, including limited genetic data of humans and chimpanzees, support the hypothesis. Here we reexamine the hypothesis for humans and chimpanzees with substantially more genomic data than were used previously. No difference is observed between rearranged and colinear chromosomes in the level of genomic DNA sequence divergence between species. The same is also true for protein sequences. When the gorilla is used as an outgroup, no acceleration in protein sequence evolution associated with chromosomal rearrangements is found. Furthermore, divergence in expression pattern between orthologous genes is not significantly different for rearranged and colinear chromosomes. These results, showing that chromosomal rearrangements did not affect the rate of genetic divergence between humans and chimpanzees, are expected if incipient species on the evolutionary lineages separating humans and chimpanzees did not hybridize.
The chromosomal speciation hypothesis asserts that chromosomal rearrangements cause reproductive isolation between populations and lead to speciation (White 1978 ). The traditional model assumes that recombination between rearranged chromosomes generates unbalanced gametes that have lowered fitness, which creates a reproductive barrier (White 1978) . This model has been criticized because if a rearrangement causes a substantial reduction in fitness of heterozygotes, it cannot be fixed in a population unless the population is very small (Walsh 1982; Lande 1985; Rieseberg 2001, and references therein) . The newly developed model (Noor et al. 2001; Rieseberg 2001; Navarro and Barton 2003a) differs from the traditional one in assuming that recombination is suppressed in rearranged chromosomal regions and the fitness effect of rearrangements is minimal. As gene flow requires recombination in the presence of incompatibility genes, the reduction in recombination associated with chromosomal rearrangements results in lowered gene flow in rearranged chromosomal regions compared with colinear chromosomes and generates a partial reproductive barrier. Several studies in fungi, plants, and animals provided substantial evidence for the new model of chromosomal speciation (Rieseberg et al. 1999; Noor et al. 2001; Rieseberg 2001; Machado et al. 2002; Delneri et al. 2003) . For instance, genetic loci responsible for hybrid male sterility and female species preferences in Drosophila pseudoobscura and D. persimilis, two occasionally hybridizing species, are located in rearranged chromosomal regions (Noor et al. 2001) . A multilocus analysis of the same species pair also indicated reduced gene flow in rearranged chromosome regions (Marchado et al. 2002) . The rate of introgression in colinear chromosomes between sunflowers Helianthus petiolaris and H. annuus are twice that in rearranged chromosomes (Rieseberg et al. 1999) . Yeasts Saccharomyces cerevisiae and S. mikatae have reciprocal translocations involving three chromosomes, and their hybridization produces sterile progenies. Delneri et al. (2003) engineered the chromosomes of S. cerevisiae to make them colinear with those of S. mikatae. Interestingly, the interspecific hybrids are now fertile.
Nine chromosomes (1, 4, 5, 9, 12, 15, 16, 17, 18 ) contain pericentric inversions between humans and chimpanzees, and human chromosome 2 resulted from a fusion of two acrocentric chromosomes common to other great apes (Yunis and Prakash 1982) . An examination of the influence of these chromosomal rearrangements on the genetic divergence between humans and chimpanzees may reveal the history of the speciation events that eventually led to modern humans and chimpanzees. Navarro and Barton (2003b) recently addressed this question and found some evidence for the effect of chromosomal rearrangements. Most strikingly, they found in an analysis of 115 genes of humans and chimpanzees that the rate of protein sequence evolution is 120% higher for genes located on rearranged chromosomes than for those on colinear chromosomes. However, their data were few, and some of the results were inconclusive (Navarro and Barton 2003b). Concerns have also been raised with regard to their data analysis and interpretation (Bowers 2003; Hey 2003; Lu et al. 2003) . By using substantially larger genomic data sets, we here examine four predictions of the chromosomal speciation hypothesis for humans and chimpanzees. We show that there is no difference between rearranged and colinear chromosomes in the level of genomic DNA sequence divergence or protein-coding sequence divergence between species. When the gorilla is used as an outgroup, no acceleration in protein sequence evolution associated with chromosomal rearrangements is found. Divergence in expression pattern between orthologous genes is also similar for rearranged and colinear chromosomes. We discuss these results in the context of human and chimpanzee evolution.
RESULTS

Divergence of Genomic Sequences Between Humans and Chimpanzees
The chromosomal speciation hypothesis predicts that the level of neutral sequence divergence between species is higher for rearranged chromosomes than colinear chromosomes because gene flow between populations is hampered for rearranged chromosomes (Rieseberg 2001) . To examine this prediction for humans and chimpanzees, we analyzed completely determined chimpanzee bacterial artificial chromosome (BAC) sequences and their human orthologs that are available in GenBank at the time of this study (July 2003) . Because >98% of the human genome is noncoding (Venter et al. 2001) , the BAC sequences can be effectively regarded as neutrally evolving sequences. After we aligned the orthologous sequences and removed gaps, our data contain ∼1.8 and 2.3 Mb (10 6 bases), located on seven of the 10 rearranged chromosomes and six of the 14 colinear chromosomes, respectively. We then computed the percentage of sequence divergence between the two species for regions on rearranged and colinear chromosomes. In contrast to the prediction of the chromosomal speciation hypothesis, the divergence is slightly lower on rearranged than colinear chromosomes, although their difference is not significant (P > 0.2, Z test; Table 1 ). The male-driven evolution hypothesis predicts a higher mutation rate for Y chromosome than autosomes ). Indeed, the divergence level is higher for Y than autosomes in our data (P < 0.001, Z test). Nevertheless, even when only autosomes are considered, the sequence divergence for rearranged chromosomes is still slightly lower than that for colinear chromosomes (P > 0.3; Table  1 ). Because the percentage of G and C nucleotides (GC%) in a chromosomal region may affect the mutation rate , we examined whether GC% is different between rearranged and colinear chromosomes but found no significant difference (P > 0.5, with or without Y data; Table 1 ). Furthermore, there is no significant correlation between GC% and sequence divergence in our data (R = ‫,1.0מ‬ P > 0.2). Of the 36 BACs analyzed here, two are located within rearranged chromosomal re- Navarro and Barton (2003b) . In that study, the investigators found significantly higher sequence divergence on rearranged chromosomes than on colinear ones using ∼450 kb (10 3 bases) of BAC sequences from five chromosomes, of which two (with a total of ∼82 kb) are rearranged chromosomes . The sequence divergences for the two rearranged chromosomes are the second and third highest, respectively, among the five chromosomes. When the variation in sequence divergence among BACs or chromosomes is considered, the statistical significance that they reported disappears (P > 0.3; Z test). The second data set analyzed by Navarro and Barton (2003b) includes ∼1.9 Mb of sequences (Ebersberger et al. 2002) , which showed virtually identical levels of divergence for rearranged (1.25%) and colinear (1.23%) chromosomes (Navarro and Barton 2003b) , as in the present case of ∼4.1 Mb sequences. It should be pointed out that although our data are substantially larger than what Navarro and Barton (2003b) had, it still only constitutes ∼0.14% of the genome. It will be interesting to verify our findings when the complete chimpanzee genome sequence becomes available.
Divergence of Protein-Coding Sequences Between Humans and Chimpanzees
If rearranged chromosomes are less prone to gene flow, it may be predicted that genes located in these chromosomes can accumulate species-specific adaptive changes more easily and rapidly, resulting in higher rates of protein evolution and more incidences of positive selection compared with those in colinear chromosomes (Navarro and Barton 2003b) . Recently, Hey (2003) questioned the validity of this prediction from a theoretical point of view. Here we examined whether there is any empirical evidence for the prediction. Let d S be the number of synonymous nucleotide substitutions (s) divided by the number of potentially synonymous sites (S) between orthologous coding sequences of the human and chimpanzee, and d N be the corresponding number of nonsynonymous nucleotide substitutions (n) divided by the number of potentially nonsynonymous sites (N). Because d S is approximately equivalent to the mutation rate,
] is a measure of the rate of protein evolution, standardized by the mutation rate (Nei and Kumar 2000) . N/S is mainly determined by the ratio of the rate of transitional mutations to that of transversional mutations, which is approximately constant across the nuclear genome (Rosenberg et al. 2003) . Thus, N/S is virtually invariant among different genes, and n/s can be used as a proxy of d N /d S when different genes are compared. We analyzed a recently published set of 1126 humanchimpanzee orthologous gene pairs (Hellmann et al. 2003) . The chimpanzee sequences in this data set are randomly picked cDNAs from testis and brain cDNA libraries. Because individual cDNA sequences are short (average, ∼360 nucleotides), we concatenated the sequences belonging to the same chromosomes and estimated s and n between the human and chimpanzee for the concatenated sequences of each chromosome. The results (Table 2) show that, opposite to the prediction, the n/s ratio is slightly lower for the rearranged (288/596 = 0.483) than colinear chromosomes (287.5/531.5 = 0.541), with the difference being statistically insignificant (P > 0.1, Fisher's test). Similarly, the average d N /d S ratio for rearranged chromosomes (0.235 ‫ע‬ 0.028) is almost identical to that for colinear chromosomes (0.239 ‫ע‬ 0.019). The same results are obtained when only the There are only two Y-linked genes in the data set, and they are not used here.
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www.genome.org autosomes are considered (Table 2) . Interestingly, the average d S values for colinear and rearranged chromosomes are close (P > 0.4), indicating similar levels of neutral sequence divergence for the two sets of chromosomes, consistent with the above result from the BAC sequences. We also separated the 1126 cDNA sequences into two groups: those with d N /d S >1 and those with d N /d S <1. We limited our analysis to the sequences that have at least 150 codons, as d N /d S cannot be reliably obtained for short ones. A total of 367 genes were analyzed: 63 of them showed d N = d S = 0 and were excluded from further analysis. Surprisingly, we found that colinear chromosomes harbor disproportionately more genes with d N /d S >1 than rearranged chromosomes do (P < 0.01, Fisher's exact test; Table 3 ), opposite to the result of Navarro and Barton (2003b) . These investigators analyzed 115 genes and found a 120% increase in d N /d S and significantly more genes with d N / d S > 1 for rearranged chromosomes compared with colinear ones. One may argue that the genes analyzed by us do not represent the entire genome equally because they are all expressed in either testis or brain. This appears an unnecessary concern as >40% of human genes are expressed in brain and >40% are expressed in testis (Su et al. 2002) . On the other hand, because linked genes tend to have similar rates of protein evolution (Williams and Hurst 2000) , it is possible that a small sample such as the one used by Navarro and Barton (2003b) is incidentally biased. One way to examine this possibility is to use another species. If high d N /d S ratios are due to chromosomal rearrangements between humans and chimpanzees, the high ratios should not be observed when the human is compared with another species such as the rhesus monkey. By using this strategy, Lu et al. (2003) found that those genes in Navarro and Barton's (2003b) Divergence of Protein-Coding Sequences Among the Human, Chimpanzee, and Gorilla To resolve the above controversy, we compared d N /d S or n/s ratios for a set of genes before and after chromosomal rearrangements using the gorilla as an outgroup. Because the chromosomal rearrangements among the great apes are known (Yunis and Prakash 1982) , there is no controversy as to whether high d N /d S ratios are attributable to chromosomal rearrangements. The 22 autosomes and two sex chromosomes of humans may be classified into four groups. On the unrooted tree of human, chimpanzee, and gorilla, two chromosomes (15 and 18) experienced rearrangements in either the human or chimpanzee branches, but not in the gorilla branch. They are classified as group A chromosomes. Ten chromosomes (3, 6, 11, 13, 19, 20, 21, 22 , X, Y) did not experience rearrangements in any of the three branches and are classified as group B. Four chromosomes (7, 8, 10, 14) rearranged only in the gorilla branch, and they are group C. The remaining eight chromosomes (1, 2, 4, 5, 9, 12, 16, 17) are group D. Let n X and s X be the numbers of nonsynonymous and synonymous substitutions in branch X of the tree, where X = H, C, and G for the human, chimpanzee, and gorilla, respectively. Under the hypothesis that chromosomal rearrangements enhance d N /d S or n/s, we expect to see [(n H + n C )/(s H + s C )] > n G /s G for genes on group A chromosomes, because these chromosomes do not have rearrangements on the gorilla branch, but have rearrangements on either human or chimpanzee branches. Similarly, we expect [(n H + n C )/ (s H +s C )] = n G /s G for group B genes and [(n H + n C )/(s H + s C )] < n G / s G for group C genes. These predictions can be tested with orthologous gene sequences from the human, chimpanzee, and gorilla. We searched the GenBank and identified 3, 35, and 15 genes, respectively, for group A, B, and C chromosomes. Because we are concerned with chromosomal rearrangements between humans and chimpanzees, the focus is the comparison between groups A and B. To have comparable sets of data for A and B, we sequenced 31 segments of coding sequences in chimpanzee and gorilla from group A chromosomes, bringing the total number of group A genes to 34. The results are shown in Table 4 . It is seen that [(n H + n C )/(s H + s C )] is 6.6% higher than is n G /s G for group A chromosomes, but the difference is not significant (P > 0.4, Fisher's test). We then classified the genes on group A chromosomes to those that are located inside the rearranged regions and those outside. The [(n H + n C )/(s H + s C )] value is 3% higher than n G /s G for the former class, but 12% higher for the latter class, opposite to the prediction of the chromosomal speciation hypothesis. Nevertheless, in neither class is the difference between [(n H + n C )/ (s H + s C )] and n G /s G statistically significant (P > 0.4). For group B chromosomes, [(n H + n C )/(s H + s C )] is 15% higher than is n G /s G , although the difference is again not significant (P > 0.2). Because group B genes do not have any chromosomal rearrangements among the human, chimpanzee, and gorilla, they serve as a baseline in the comparison between [(n H + n C )/(s H + s C )] and n G /s G . When this baseline is used, group A genes do not show elevated [(n H + n C )/(s H + s C )] over n G /s G . In other words, there is no evidence for an elevation in the rate of protein sequence evolution associated with the chromosomal rearrangements in humans and chimpanzees.
In the above analysis, we assumed that gorilla is the outgroup species of human and chimpanzee. Because the time interval between the separation of gorillas from the common ancestor of humans and chimpanzees and the separation of the later two species was relatively short (Chen and Li 2001) , ancestral polymorphisms may not have been sorted out at the time of human-chimpanzee speciation. In result, for some genes, the divergence of the human and chimpanzee sequences may predate the divergence of either one with the gorilla sequence. But this should not affect our analysis because we considered the unrooted tree of human, chimpanzee, and gorilla, which is unique regardless of the presence or absence of ancestral polymorphisms.
Divergence of Gene Expression Between Humans and Chimpanzees
It may also be predicted by the chromosomal speciation hypothesis that divergence in gene expression patterns between species is greater for genes in rearranged chromosomes than those in colinear chromosomes, regardless of whether the divergence is neutral or adaptive. By using Affymetrix microarrays, Karaman et al. (2003) identified 219 genes that show differential expression We also analyzed a large set of gene expression data obtained from cortex samples of five humans and four chimpanzees (Caceres et al. 2003) . In these data, the expression patterns of ∼10,000 genes were first examined by Affymetrix oligonucleotide arrays, and the genes showing different expressions between species were confirmed by cDNA arrays and real-time RT-PCR. One hundred fifty-two genes were identified and confirmed to have significant expression differences between human and chimpanzee cortexes, among which 80 were located on rearranged chromosomes. The frequency of gene-expression divergence per Mb is about [(80/0.493)/(72/0.507)] = 1.14 times higher in rearranged chromosomes than in colinear chromosomes, their difference being not statistically significant (P > 0.2, binomial test). The frequency of expression divergence per gene is ∼[(80/0.486)/(72/ 0.514)] = 1.18 times higher in rearranged chromosomes than in colinear chromosomes. Again, this difference is not statistically significant (P > 0.1, binomial test).
DISCUSSION Statistical Power
Our analyses of BAC sequences, protein-coding DNA sequences, and gene expression data showed no significant elevation in the rate of genetic divergence between the human and chimpanzee on rearranged chromosomes compared with colinear ones. One question is whether our analyses are of sufficient statistical power to detect the differences if they indeed exist. For the genomic sequence data, we noticed that there is substantial variation in human-chimpanzee sequence divergence among BACs and chromosomes, which is consistent with earlier observations of mutation rate variation among genomic regions (for review, see Ellegren et al. 2003) . In our data, the average humanchimpanzee divergence is 1.29%, and the standard error for the difference between the average divergence of rearranged chromosomes and that of colinear chromosomes is √0.14% 2 + 0.06% 2 = 0.15% (Table 1) . Thus, a 19% increase in the genomic sequence divergence on rearranged chromosomes would result in a Z value of 1.29% ‫ן‬ 19%/0.15% = 1.65 in the standard Z test, giving a significance level of 5%. In other words, our BAC data can detect a 19% difference in human-chimpanzee divergence between rearranged and colinear chromosomes. The statistical power, however, is irrelevant here, because the divergence in colinear chromosomes is higher than that in rearranged chromosomes.
Similarly, for the cDNA data, the average d N /d S ratio is 0.237, and the standard error for the difference in d N /d S between rearranged and colinear chromosomes is √0.028 2 + 0.021 2 = 0.035. A 24% increase in d N /d S on rearranged chromosomes would result in a Z value of 0.237 ‫ן‬ 24%/0.035 = 1.65 in the standard Z test, giving a significance level of 5%. That is, our cDNA analysis can detect a 24% difference in d N /d S between rearranged and colinear chromosomes. Again, the statistical power is irrelevant here, because d N /d S in colinear chromosomes is higher than that in rearranged chromosomes.
Our further analysis of the cDNA data showed significantly fewer genes with d N /d S > 1 on rearranged chromosomes than expected. This is opposite to what Navarro and Barton (2003b) observed. We think that the classification of genes into groups with d N /d S > 1 and d N /d S < 1 is not biologically meaningful, because for most of the genes analyzed here the numbers of substitutions are so small that the d N /d S ratio is subject to substantial stochastic error. For any individual gene, the d N /d S ratio may not reliably indicate the form and strength of natural selection. For this reason, we believe that the results obtained from the concatenated sequences are more reliable.
Our analyses of the two sets of gene expression data did show relatively higher expression divergences for genes located on rearranged chromosomes than those located on colinear ones, but their differences are not statistically significant. For the data set of Karaman et al. (2003) , we estimated that doubling the sample size would result in a statistically significant result (at P = 0.03, binomial test) if the proportion of expression-divergent genes found on rearranged chromosomes is the same as estimated here (i.e., 75/138 = 0.543). For the data set of Caceres et al. (2003) , a sample size that is 2.5 times of current size would result in a statistically more or less significant result (at P = 0.06) if the proportion of expression-divergent genes found on rearranged chromosomes is the same as estimated here (i.e., 80/152 = 0.526). Thus, further studies using larger data sets may help resolve the problem.
Previous studies of Drosophila and sunflowers suggested that chromosomal rearrangements reduce gene flow by 40% to 50% (Rieseberg et al. 1999; Machado et al. 2002) . This level of differ- Thirty-one of the 34 genes are newly sequenced in this study.
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Implications and Conclusions
The absence of virtually any signature of 10 major chromosomal rearrangements on the rate of genetic divergence suggests that the speciation processes in the evolutionary lineages separating humans and chimpanzees are substantially different from what the chromosomal speciation hypothesis presumes. In particular, the preventive effect of chromosomal rearrangements on gene flow occurs during the secondary contact of populations after an initial period of isolation, but ceases upon the establishment of complete reproductive isolation. Given the number of extinct hominid species described so far (Boyd and Silk 2000; Brunet et al. 2002) and the presence of at least two chimpanzee species, the speciation events on the evolutionary lineages that eventually led to modern humans and chimpanzees may be numerous. Our results thus imply that hybridization has been rare among incipient species on these lineages. It is noteworthy that chimpanzees lack a fossil record (Kelly 1992; Boyd and Silk 2000) . This phenomenon suggests that early hominids and chimpanzees probably did not live in proximity (Kelly 1992 ) because otherwise chimpanzee fossils should be excavated along with hominid fossils. The current distribution of chimpanzees only has a small overlap with the distribution of the early hominid fossils around the Rift Valley in East Africa (Kelly 1992; Gagneux et al. 2001; Brunet et al. 2002) . Although it is difficult to infer the historical geographic distribution of chimpanzees without a fossil record, we note that chimpanzees generally favor tropical rain forests whereas hominids lived mostly in open forests and savannas. This difference in their favored ecological environments may have prohibited their secondary contact and hybridization. (Of course, one cannot exclude the possibility that some early hominids also lived in rain forests with chimpanzees, and their fossils are likewise unknown.) Hybridization may also be rare if prezygotic isolation had already evolved when the secondary contact occurred. It is worth noting that the four recognized subspecies of common chimpanzees (P. troglodytes schweinfurthii, P. t. troglodytes, P. t. vellerosus, and P. t. verus) are not known to form hybrid zones, nor do they hybridize with the pygmy chimpanzee (Pan paniscus) in nature. Although this phenomenon is probably due to current geographical isolation, the historical pattern may be assessed by population genetic analysis. Analyses of paternally inherited Y-linked genetic markers and maternally inherited mitochondrial DNA markers show that alleles from each subspecies generally form a monophyletic group (Gagneux et al. 1999; Stone et al. 2002) , consistent with lack of hybridization across subspecies. By contrast, autosomal and X-linked markers show intermingling of alleles from different subspecies, a likely result from incomplete lineage sorting and indicative of relatively short separation times (Kaessmann et al. 1999; Deinard and Kidd 2000) . A three-to fourfold greater effective population size and longer coalescent time for the bisexually transmitted markers than the unisexual markers (Hartl and Clark 1997) can explain the above disparity. Thus, the circumstantial paleontological, ecological, and population genetic evidence is consistent with our genomic data. Together, they suggest that chromosomal rearrangements did not affect the rate of genetic divergence between humans and chimpanzees, and this is likely due to the lack of hybridization among incipient species on the evolutionary lineages separating humans and chimpanzees.
METHODS
Completely sequenced and assembled BAC sequences of the chimpanzee (P. troglodytes) were downloaded from GenBank and BLASTed (Altschul et al. 1990 ) against the human genome sequence to find their human orthologs. We analyzed those cases in which the best hit and query overlap for at least 90% of the query sequence. Segments of BLAST alignments between the query and the best hit with lengths >10 kb were subsequently analyzed. The 1126 alignments of human and chimpanzee cDNA sequences were from Hellmann et al. (2003) , and the gene locations were determined from BLAST and MapViewer searches (http://www.ncbi.nlm.nih.gov/mapview/). Y-linked genes were not analyzed because there are only two of them. We also removed those genes with chromosomal locations that cannot be confidently placed or with sequence lengths <50 nucleotides. The final data include 1080 genes. The modified Nei-Gojobori method (Zhang et al. 1998) was used for the analysis of synonymous and nonsynonymous substitutions.
Thirty-one segments of coding regions each with ∼550 nucleotides were randomly chosen from group A chromosomes (see main text), with the only requirement being that each segment is fully contained within an exon at least 600 nucleotides long. The 31 segments were from 31 different genes. Primers were designed following the human sequences. The chimpanzee (P. troglodytes) and gorilla (Gorilla gorilla) orthologs were PCR amplified and sequenced in both directions. Other genes with orthologous sequences of the human, chimpanzee, and gorilla available in the GenBank were downloaded and analyzed. A list of all the genes is in Supplementary Table 1. The numbers of nucleotide substitutions on branches of the tree of human, chimpanzee, and gorilla were estimated from pairwise nucleotide distances using the least-squares method (see Nei and Kumar 2000) .
